State-of-the-art digital electronic control schemes, such as that for the PW 2037 engine,2 make use of a combination of hardware and analytical redundancy to provide adequate system reliability. Here, dual-redundant sensor measurements and a synthesized or estimated measurement are compared to detect sensor failures. This approach is comparable to that used i n the aircraft control for the F8 digital fly-by-wire aircraft.3 two-step approach is used. First the dual sensors are compared to determine
In each case a if a discrepancy exists. Then a comparison is made to the estimate to isolate the faulty sensor. Operation continues with the good sensor. Here analytical redundancy allows system operation after both sensors have failed to further improve system reliability. Eventually, as AR-based techniques improve, additional reliance on AR strategies would allow single-sensor operation with the resultant savings in cost and weight.
The objective of this chapter is to survey the application of analytical redundancy to the detection, isolation, and accommodation (DIA) of sensor failures for gas turbine engines. This includes those approaches that use software implementations of temporal redundancy combined with analytical redundancy. Hardware redundant strategies are not covered. This survey first reviews the theoretical and application papers which form the technology base o f turbine engine analytical redundancy research. Second, the status of important ongoing application efforts is discussed. Also included is a review o f the PW2037 engine control system sensor AR strategy. This is the first operational engine to include AR-based strategies. Finally, an analysis of this survey indicates some current technology needs.
I. Analytical Redundancy Technology Base
In this section, papers that document the AR technology base will be reviewed. Seventeen papers are considered. The papers will be reviewed in essentially chronological order. The attributes o f each paper, as discussed in this section, are summarized in Table I . Wallhagen and Arpasi4 presented the first (April 1974) use of sensor AR to improve engine control system reliability. A 585, single-spool, turbojet with two sensed variables and three controlled variables was tested at a sea-level-static condition. The inputs were compressor variable geometry, fuel flow, and exhaust nozzle area. The sensors were a magnetic pickup for rotor speed and a high-response gage transducer for compressor static discharge pressure. Failure detection was accomplished by comparing the rate of change of the sensed variables with predetermined limits.
consecutive out-of-range rates declared a failure. Since each sensor was tested for catastrophic, i.e., hard failure only, isolation is immediate.
Failures are accommodated by replacement of the failed sensed value with a synthesized estimate.
tabulation of the synthesized variable as a function of the remaining engine variables. Different tables were stored for steady-state and acceleration conditions. No explicit dynamical relationships were included. The DIA logic was implemented in fixed-point assembly language on a minicomputer.
The implementation executed in a 15-ms time frame which allowed real-time interaction with the control. Testing in a sea-level-static test stand compared idle to full-power step responses of rotor speed and t h r u s t . were considered. Again hard failure detection and isolation were obtained by individual rate checks.
Accommodation was achieved by replacement with averaged synthesized variables which were a function o f the remaining good sensors (1, 2, or 3 ) .
Synthesized variables were obtained from tabulations. However, the data were now stored as corrected values to allow a wide operating range.
for the tables were collected at two operating points.
' assembly language in a minicomputer using a frame time of about 0.025 s .
Storage requirements include 4K bytes for the logic and 0.2K bytes for the tables. The logic was tested at five selected operating points (which include the two design points). Acceptable operation with no limit violations and approximately the same thrust was obtained for operation with 1 to 3 of the 4 sensors failed. For afterburning operating of the engine, acceptable control was possible for only a single failure and with a severe rate limit on accelerations. This logic also incorporated learning or adaptive logic.
Data
A real-time implementation of this DIA logic was programmed using Ellis6 (January 1975) studied the use of AR techniques using a nonlinear digital simulation o f a two-spool turbofan engine. The engine has five measured variables and two independent controlled variables. philosophy of this paper centers around estimates of the measured variables. First a multivariable linearized mapping (no explicit model dynamics) o f corrected measurements to estimates is found. Since the engine has only two independent controls, it is assumed that only two measurements are required to generate an estimate. Taking unordered pairs of the five measured variables yields ten estimates of each measured variable. A weighted-average estimate is obtained by combining these ten component The DIA e s t i m a t e s , a r e accomp e s t i m a t e .
a1 1 weight each weighted by i t s r e l a t i v e accuracy. D e t e c t i o n and i s o l a t i o n i s h e d by a t h r e s h o l d check on b o t h s i d e s o f each weighted average I f a weighted e s t i m a t e i s o u t s i d e o f t h e t h r e s h o l d c o r r i d o r t h e n ng f a c t o r s a s s o c i a t e d w i t h t h i s e s t i m a t e a r e s e t t o z e r o .
Weighted e s t i m a t e s a r e used by t h e c o n t r o l a t a l l t i m e s . Only t h e w e i g h t i n g s change as f a i l u r e s o c c u r . Thresholds f o r t h e weighted e s t i m a t e s a r e o b t a i n e d from sensor e r r o r s t a t i s t i c s assuming Gaussian d i s t r i b u t i o n s .
The n e x t c o n t r i b u t i o n t o t h i s a r e a i s documented i n f o u r r e p o r t s 7 -by d e s i l v a and W e l l s . T h i s s e r i e s o f r e p o r t s a p p l i e s Bayesian hypothes t e s t i n g t o t h e d e t e c t i o n o f engine sensor f a i l u r e s . The engine s t u d i e d simple t u r b o j e t w i t h two o u t p u t s , speed and t h r u s t , and one i n p u t , f u e l flow. A second-order p s e u d o l i n e a r model o f t h e engine was used on a mainframe computer t o e v a l u a t e d e t e c t i o n performance. c o n s i s t s o f a dynamical, l i n e a r state-space s t r u c t u r e where i n d i v i d u a l c o e f f i c i e n t s w i t h i n t h e l i n e a r s t r u c t u r e v a r y as a n o n l i n e a r f u n c t i o n o f t h e s t a t e . Bayesian h y p o t h e s i s t e s t i n g i s implemented by (1) d e f i n i n g a r i s k f u n c t i o n , and ( 2 ) d e t e r m i n i n g from measured d a t a t h e h y p o t h e s i s t h a t minimizes t h i s r i s k . T h i s r i s k f u n c t i o n d e f i n e s t h e p e n a l t y a s s o c i a t e d w i t h s e l e c t i n g a f a l s e h y p o t h e s i s . Assuming Gaussian n o i s e s t a t i s t i c s , t h e l o w e s t r i s k Bayesian h y p o t h e s i s i s a l s o p r o b a b i l i s t i c a l l y most l i k e l y g i v e n t h e measured d a t a . A "bank" o f Kalman f i l t e r s , one p e r h y p o t h e s i s , uses measured d a t a and an engine model t o generate s t a t e e s t i m a t e s and f i l t e r r e s i d u a l s . as determined by a l i k e l i h o o d r a t i o t e s t , i s taken as t h e t r u e h y p o t h e s i s .
The mode o f o p e r a t i o n a s s o c i a t e d w i t h t h i s h y p o t h e s i s ( f a i l e d speed sensor, no f a i l u r e , e t c . ) was assumed t r u e . The approach worked w e l l i n s i m u l a t i o n s t u d i e s o f t h i s simple case. T h i s work r e p r e s e n t s t h e first a p p l i c a t i o n of demonstrated using a detailed nonlinear digital simulation of the FlOO engine. Fifteen components are checked for failure: the inlet pressure and temperature sensors, the fan and compressor speed sensors, the burner and augmentor total pressure sensors, the fan outer-diameter discharge and turbine inlet total temperature sensors, the fuel system, the nozzle, bleed, fan guide vane, and compressor stator vane actuators, and the high-and at sea-level-static conditions for bias and scale-factor changes. Failures were detected for 2 to 5 percent changes in one or more output measurements. Minimum failure size for successful isolation is summarized by component in Table 11 . Modeling uncertainty affects the reliability of these parity relations.
a quantified level of uncertainty, all parity relations can be ranked from most to least reliable. This allows the more reliable parity relations to be used to generate DIA strategies that are as robust to uncertainty as possible. A three-step design process is presented. First, the parity relations are rank-ordered using a robustness metric.
relationships with acceptable robustness is identified. Second, the coverage (probability of detection for all failures) for this set of relationships is assessed.
relations to distinguish each failure mode from the others is assessed, again using a metric-based analysis.
possible in order to expand the original set of relationships and to improve coverage or distinguishability by incorporating decreasingly robust parity relations. The parity relations can be generated efficiently from either a time-or frequency-domain description of the average process.
process is defined as 
T h i s
The f i n a l paper i n t h i s s e c t i o n 2 3 determines t h e t h e o r e t i c a l l i m i t s o f f a i l u r e d e t e c t a b i l i t y o f sensor f a i l u r e s i n systems w i t h modeling e r r o r s .
method, c a l l e d t h e reachable measurement i n t e r v a l s ( R M I ) method, i s d e r i v e d which i s based upon t h i s d e t e r m i n a t i o n and which performs a t t h e l i m t o f d e t e c t a b i l i t y . T h i s method i s based upon a l i n e a r , state-space mode o f t h e s y s t e m and bounds on t h e u n c e r t a i n t i e s of t h e model parameters. The R M I , which a r e t h e s m a l l e s t p o s s i b l e t h r e s h o l d s , a r e computed u s i n g an A o p t i m i z a t i o n procedure based upon t h e maximum p r i n c i p l e . l i e o u t s i d e t h i s i n t e r v a l i n d i c a t e a f a i l u r e . The method was a p p l i e d t o a h y p o t h e t i c a l t u r b o f a n engine simp1 i f i e d s i m u l a t i o n (HYTESS)24.
High performance f a i l u r e d e t e c t i o n was demonstrated f o r a f a n speed measurement a t a s i n g l e o p e r a t i n g p o i n t , for small f u e l p e r t u r b a t i o n s .
Measurements which

AR Technology Development
Based upon t h e encouraging, b u t p r e l i m i n a r y , r e s u l t s o f t h e AR technology base, several t e c h n o l o g y development programs were begun. The o v e r a l l o b j e c t i v e o f these programs i s t h e f u l l -s c a l e engine d e m o n s t r a t i o n of improved c o n t r o l system r e l i a b i l i t y u s i n g AR technology. These i m p o r t a n t AR development programs a r e : ( 1 ) showed the ADIA approach to be (1) viable for gas turbine applications, and Kalman filter logic to improve these estimates further (Fig. 2 ) .
A complete description of this
The test-bed system with ADIA and MVC logic is shown in Fig. 3 The The t o t a l c o n t r o l c y c l e t i m e i s 40 msec. Data a r e t r a n s f e r r e d between CPU's through d u a l -p o r t e d memory. S y n c h r o n i z a t i o n between CPU's i s achieved through i n t e r r u p t s . The t o t a l memory r e q u i r e m e n t for t h e t h r e e C P U ' s i s 54K
i n c o r p o r a t e d a t h i r d microprocessor i n t o t h e implementation and r e p l a c e d t h e 8086-based microprocessors w i t h 8-MHz 80186-based microprocessors .3O t h i s t h i r d computer t h e f i v e i s o l a t i o n f i l t e r
bytes f o r t h e a l g o r i t h m and 17K b y t e s f o r t h e r e a l -t i m e e x e c u t i v e . I n a l l cases t h e code and c o n s t a n t s were about 65 p e r c e n t and t h e d a t a or v a r i a b l e s about 35 p e r c e n t o f t h e t o t a l memory r e q u i r e d . The criteria used to evaluate detection, isolation, and accommodation performance were: ( 1 ) minimum detectable bias values and drift rates, ( 2 ) elapsed time between sensor failure and detection, (3) t h e same. T h i s i s a r e s u l t of t h e t e s t i n g procedure.
t e s t t i m e , t h e known e v a l u a t i o n p r e d i c t e d values were t e s t e d first. I f t h e
To m i n i m i z e engine a ? g o r i thm t h a t was d e t e c t i o n d e t e c t i o n recorded s u c c e s s f u l l y d e t e c t e d t h e f a i l u r e a t t h e p r e d i c t e d magnitude, then he assumed minimum d e t e c t a b l e value for t h e d e m o n s t r a t i o n . I f t h e was missed, t h e f a i l u r e magnitude was i n c r e a s e d u n t i l s u c c e s s f u l was demonstrated on t h e engine. Thus t h e d e m o n s t r a t i o n values n F i g . 5 a r e always equal or g r e a t e r t h a n t h e p r e d i c t e d ones ('except f o r N2 and PT4 a t 55 K l 2 . 2 ) . Although t h i s was a c o n s e r v a t i v e approach, i t was c l e a r from t h e t e s t r e s u l t s t h a t o n l y minimal improvements o v e r t h e p r e d i c t e d performance were p o s s i b l e a
t a l i m i t e d number o f
o p e r a t i n g p o i n t s .
The t i m e s t o d e t e c t i o n for t h e s o f t b i a s f a i l u r e s were a l l l e s s t h a n 0.1 sec. The s t e a d y -s t a t e accommodation performance f o r t h i s c l a s s o f f a i l u r e i s shown i n F i g . 6. Percent changes i n engine p r e s s u r e r a t i o (EPR)
(EPR TO -EPR TF) AEPR = 100* TO EPR = Exhaust n o z z l e p r e s s u r e l e n g i n e i n l e t p r e s s u r e
where EPR TO i s t h e s t e a d y -s t a t e EPR before t h e f a i l u r e and EPR TF i s t h e s t e a d y -s t a t e EPR a f t e r t h e f a i l u r e as shown for s e v e r a l o p e r a t i n g p o i n t s d e m o n s t r a t i n g subsonic and supersonic o p e r a t i o n a t m i l i t a r y and medium power l e v e l s . Medium power i s a p p r o x i m a t e l y h a l f of m i l i t a r y power. The parameter EPR i s almost l i n e a r l y r e l a t e d t o engine t h r u s t and i s t h e r e f o r e a good measure of engine performance. A l l values a r e w e l l below t h e 10 p e r c e n t c r i t i c a l l e v e l except f o r o p e r a t i n g c o n d i t i o n 50 K l 1 . 8 r e s u l t s which show a 12 p e r c e n t change i n t h r u s t f o r a PT6 sensor f a i l u r e . T h i s r e s u l t i s due t o t h e low nominal v a l u e of PT6 a t t h i s c o n d i t i o n (16.5 p s i ) . The a c t u a l change i n PT6 caused by t h e modeling e r r o r i n t h e accommodation
filter is only 2 psi and is considered relatively small. It appears large when compared with the low nominal value.
The minimum detectable drift magnitudes were determined by finding the smallest detectable drift failure such that a failure was detected Finally, a simultaneous soft failure of PT4 and PT6 (both failed at the same instant of time) was injected into the engine system. The algorithm, although not designed for this extremely low probability event, successfully detecte and accommodated this failure scenario. The change in EPR is about 1.5 psi or less than 7 percent. A1 of the above failures were electronically generated using special purpose hardware to give timed and repeatable results. The generated failures represent realistic sensor failures which were injected into the engine control system. However, during engine testing an unplanned failure T h r u s t l e v e l i n these cases was m a i n t a i n e d by a d j u s t i n g t h e gas g e n e r a t o r speed r e f e r e n c e schedule.
D. DEEC D I A
The DEEC system38 i s a d i g i t a l f u l l -a u t h o r i t y engine c o n t r o l c o n t a i n i n g s e l e c t i v e l y redundant components and f a u l t -d e t e c t i o n l o g i c . The s y s t e m a l s o c o n t a i n s a hydromechanical backup c o n t r o l . Most o f t h e sensors i n t h e c o n t r o l a r e hardware-redundant. However, f a i l u r e s o f t h e i n l e t s t a t i c p r e s s u r e (PS2), b u r n e r p r e s s u r e (PB), and f a n t u r b i n e i n l e t p r e s s u r e ( F T I T )
a r e covered u s i n g a form o f AR c a l l e d parameter s y n t h e s i s .
I n parameter s y n t h e s i s an e s t i m a t e o f one measured v a r i a b l e i s s y n t h e s i z e d from an a l g e b r a i c f u n c t i o n o f one or more d i f f e r e n t measured v a r i a b l e s . T h i s r e l a t i o n s h i p i s s t a t i c , i . e . , no e x p l i c i t dynamics a r e i n c l u d e d . I f PS2 f a i l s a range check, a s y n t h e s i z e d PS2 i s determined f r o m
PB, compressor speed, N2, and i n l e t t o t a l temperature, TT2. I F PB f a i l s , a s y n t h e s i z e d PB i s c a l c u l a t e d from i n l e t t o t a l pressure, PT2, N2, and TT2. f a i l u r e s . T h i s l a r g e t o l e r a n c e p r e c l u d e s d e t e c t i o n o f s o f t f a i l u r e s . Both PS2 and PB f a i l u r e s a r e accommodated by s u b s t i t u t i o n .
A comparison t o l e r a n c e o f 225 p e r c e n t determines
There a r e two groups o f F T I T sensors. T h i s a l l o w s hardware redundancy. However, i f b o t h F T I T sensor groups f a i l a range check, s y n t h e s i z e d F T I T i s s u b s t i t u t e d i n t o t h e c o n t r o l . Synthesized F T I T i s a f u n c t i o n o f PB and PT2.
The DEEC D I A o g i c was v e r i f i e d by closed-loop bench t e s t i n g .
Simulated sea-leve and a l t i t u d e engine t r a n s i e n t s were performed. F a u l t s were i n t e n t i o n a l l y produced t o e v a l u a t e D I A e f f e c t i v e n e s s . Subsequent
seaw i t h F100 t h e eve1 and a l t i t u d e f u l l -s c a l e engine t e s t s uncovered no new problems t h e D I A l o g i c . A s e r i e s of f l i g h t t e s t s o f an F15 a i r c r a f t w i t h an engine and DEEC c o n t r o l f u r t h e r demonstrated t h e DEEC Logi c39. l i g h t program, t h e DEEC D I
A l o g i c d i d n o t d e t e c t any f a l s e alarms and D u r i n g d i d n o t cause any r e v e r s i o n s t o backup hydromechanical c o n t r o l . Two sensor f a i l u r e s o c c u r r e d d u r i n g t h e f l i g h t program. One, i n l e t temperature, was covered by redundant hardware. t o a h i g h s c a l e sensor l i m i t . t h e l o g i c i n each case. The second, exhaust n o z z l e p r e s s u r e , f a i l e d A p p r o p r i a t e accommodation a c t i o n was taken by
N e i t h e r o f t h e two sensor f a i l u r e s encountered i n t h e f l i g h t -t e s t program demonstrated t h e AR-based l o g i c o f t h e DEEC D I A . f l i g h t t e s t program40 t h e o b j e c t i v e was t o induce s e l e c t e d h a r d sensor f a u l t s and e v a l u a t e t h e r e s u l t i n g a c t i o n s o f t h e c o n t r o l . i n c l u d e d b o t h an e x t e n s i v e g r o u n d -t h r u s t stand e v a l u a t i o n and a f l i g h t t e s t . I n f l i g h t f a i l u r e s were i n t r o d u c e d a t s t e a d y -s t a t e c o n d i t i o n s and
d u r i n g t h r o t t l e t r a n s i e n t s .
t h e f a i l u r e s b e f o r e and d u r i n g t h e t h r o t t l e movement. The sensors f a i l e d d u r i n g t h e f l i g h t t e s t i n c l u d e d t h e compressor i n l e t v a r i a b l e geometry sensor, PS2, PB, and F T I T . Most f a i l u r e s w e r e d e t e c t e d and accommodated.
However, a r e c r e a t i o n of a broken l i n e ( h a r d ) PB f a i l u r e went undetected.
P i l o t response t o a i r c r a f t performance a f t e r accommodation was f a v o r a b l e .
E. ARTERI I n a subsequent
The t e s t program T h r o t t l e t r a n s i e n t s were performed by i n d u c i n g simulation results have demonstrated the ability of the logic to discriminate among sensor, and actuator hard and soft failures.
Nonlinear
The real-time implementation and demonstration of the ARTERI logic on an actual engine remain to be accomplished. Also, the component tracking filter adapts the engine model at a selected operating point. Its global capabilities need to be improved to allow soft failure detection during large excursions in power or operating condition.
F. PW2037
The PW2037 engine is a modern, high-bypass-ratio turbofan engine and is the first to incorporate a completely digital, full-authority electronic control system.2 The control is engine-mounted and dual-channeled to meet re1 iabi 1 i ty requirements.
strategy, a combination of hardware and software sensor redundancy is used to ensure engine operability whenever the capability is available. Dual hardware is used for seven sensors (two speeds, two pressures, two temperatures, and thrust lever angle).
channel-to-channel comparisons, as well as software range and rate checks, to detect failures.
pressures, sensor failures are further covered by comparisons to synthesized estimates. In the case of a dual-channel failure (both low-spool-speed sensors, for example), operation continues using the synthesized estimate of low spool speed. The two pressures and high spool speed are synthesized from low spool speed using a parameter synthesis method. Low spool speed is synthesized from high spool speed. I s o l a t i o n O u t p u t s e n s o r s I n l e t s e n s o r s Fuel s y s t e m , e x h a u s t n o z z l e Compressor v a n e s , f a n v a n e s 
